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Abstract: The excitation spectra with the vibronic structure near the 360 nm absorption band and emission spectra with the vibronic structure
QHDUWKHQPHPLVVLRQEDQGKDYHEHHQVWXGLHGFRPSDULQJQHXWURQLUUDGLDWHGĮ-Al2O3 at pile temperature (360 K) and at 20 K. In particular,
WKHRSWLFDOYLEURQLFHPLVVLRQVSHFWUDRIWKHQHXWURQLUUDGLDWHGVLQJOHFU\VWDOĮ-Al2O3 in low temperature have been analyzed. Huang Rhys factors
of 360 nm excitation and 430 nm emission band are calculated. Also, Debye temperature has been estimated by curve fitting using temperature
dependence of the excitation band. It can be seen that the excitation band derives from F2
+ type center and emission band is suggested as F+ type
center.
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1. Introduction:
Optical properties of the point defects created by neutron bomEDUGPHQWLQVLQJOHFU\VWDOĮ-Al2O3 have been reported
previously [1, 2]. A number of optical absorption bands appeared in alumina only after exposure to energetic particles
(epithermal neutrons, MeV electrons or protons, etc. but not after X-ray or 60&RȖ-ray exposure [1]. The absorption
bands at 4.8, 5.4 and 6.0 eV and associated luminescence band at 3.8 eV are assigned to F+ center (one electron
trapped at an anion vacancy)[3]. Zero phonon lines due to impurities or lattice defects in alkali halides crystals have
EHHQ UHSRUWHGE\PDQ\DXWKRUV >@ ,QFDVHRIĮ-Al2O3, sharp lines at 3.47 and 4.09 eV optical absorption bands
have been reported in earlier work [6]. The mirror image of the 358 nm excitation band and 380 nm emission band is
reported elsewhere [7].
,Q WKHSUHVHQWSDSHUPLUURU V\PPHWU\RIHPLVVLRQ H[FLWDWLRQEDQGVRIQHXWURQ LUUDGLDWHGĮ-Al2O3 and their origin
will be reported. Huang Rhys factor (S) and Debye temperature (ĬD) have been estimated by using temperature
dependence data of the excitation band.
2. Experimental:
6LQJOHFU\VWDOVRIXQGRSHGDOXPLQXPR[LGHĮ-Al2O3) samples grown by the Czochralski technique were obtained
from Kyoto Ceramics Co. The typical size of the samples was 8×4×3 mm3. Impurity analysis of samples showed Cr,
Na, K, Si, Fe, and Mg<10 ppm. These samples were exposed to 2.8×1018 fast neutrons/cm2 !0H9DWDIOX[RIĭf
=3.9×1013 neutrons/cm2.s, at 360K. Neutron bombardment was performed using the Hydraulic Exposure Tube (HET)
in Kyoto University Research Reactor Institute (KURRI). Low Temperature Loop (LTL) irradiation was also
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Table 1. Irradiation condition of the single crystal Į-Al2O3.
Irradiation facility Neutron Flux
(n/cm
2
.s)
Fluence
(n/cm
2
)
Atmosphere/
Irradiation temp.
LTL
HET
ĭf =4.8×1011
ĭf =3.9×1013
1.3×10
17
2.8×10
18
He/ 20 K
He/ 360 K
performed in KUR to a dose of 1.3×1017 fast neutrons/ cm2 at 20K (Table 1).
Luminescence spectra were measured from 10K to 300K with RITSU MC-50 grating monochromators. The
detection system used a R955 photomultiplier tube. Emission measurements used Calibrated 200W deuterium lamp
(Hamamatsu Photonics L1835). Excitation measurements used calibrated xenon short-arc lamp (Ushio UXL -500D).
Low-temperature spectra were obtained with Iwatani D310 small cryogenic refrigerator.
The luminescence measurement details were described in [8]. For the luminescence measurement, excitation
wavelength with a bandwidth of 4 nm was taken by using RITSU MC-50L monochromator. A band-pass glass filter or
an interference filter was set in front of the sample to eliminate the stray light from the excitation source. Emission
was observed with a bandwidth of 0.45 nm- 0.55 nm. A suitable glass filter was set in front of the entrance slit of the
observation monochromator (RITSU MC-50) to protect the reflected radiation from the excitation source. In the
measurement of the optical excitation spectra, excitation bandwidth was taken from 0.1 nm- 0.2 nm with the
observation bandwidth at 2 nm.
3. Results:
Sharp lines
Figure 1 shows the optical vibronic structure at higher energy tail of the 430 nm (2.9 eV) emission band in LTL (a)
and HET (b) LUUDGLDWHGĮ-Al2O3 under photoexcitation into the 238 nm (5.2 eV) band at 10 K.
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Figure 1. Emission spectra of Į-Al2O3 near 430 nm emission band with vibronic structure at 10 K excited by 238 nm
excitation band; (a) LTL irradiation (b) HET irradiation.
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Figure 2 shows the 360 nm excitation band detected at 460 nm. Fig.2 (a) shows no obvious 360 nm vibronic
excitation band in LTL irradiated Į-Al2O3 at 10 K. Fig.2 (b) shows the 360 nm vibronic excitation band of HET
irradiated Į-Al2O3 at 10 K.
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Figure 2. The excitation spectra of the single crystal Į-Al2O3 at 10 K near 360 nm band; (a) LTL irradiation (b) HET
irradiation.
Table 2 tabulates the 430 nm emission and 360 nm excitation band, peak positions of the lines, energy separations
and Huang Rhys factors of the 430 nm emission and 360 nm excitation band.
Table 2. Vibronic structure in HET irradiated Į-Al2O3 at 10 K near the 360 nm excitation and 430 nm
emission bands.
Bands Line
number
Wavelength
(nm)
Wavenumber
(cm
-1
)
Energy
separation(cm
-1
)
Huang Rhys
factor
360 nm
(3.3 eV) 
Excitation
430 nm
(2.6 eV) 
Emission
0
1
2
3
4
5
0
1
2
3
4
5
363.1
360.9
358.3
355.3
353.5
351.3
363.1
371.3
377.5
382.1
387.5
392.1
27541
27709
27910
28145
28289
28466
27541
26932
26490
26171
25805
25504
0
168
201
235
144
177
0
609
442
319
366
301
3.0
3.2
R.A.Z. Mohammad Saliqur et al. / Physics Procedia 2 (2009) 551–557 553
Mirror symmetry
The mirror symmetry of the 430 nm emission and 360 nm excitation band in HET irradiated Į-Al2O3 is shown in Fig.
3. The lower energy tail of the 360 nm excitation band and higher energy tail of the 430 nm emission band coincide in
363.1 nm as the zero phonon line.
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Figure 3. Mirror image of the 360 nm excitation band and 430 nm emission band in HET irradiated Į-Al2O3 with zero
phonon line at 363.1 nm.
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Figure 4. Temperature dependence of the relative integrated intensity of the zero-phonon line associated with 360 nm
excitation band in HET irradiated Į-Al2O3.
554 R.A.Z. Mohammad Saliqur et al. / Physics Procedia 2 (2009) 551–557
General appearance of the temperature dependence of the zero phonon line is shown in Fig. 4. The temperature
dependence of the 363.1 nm line in HET irradiated Į-Al2O3 was studied by measuring the ratio of the relative
integrated intensity of the most prominent sharp line to the broad 360 nm excitation band and is shown in Fig. 4.
In the Debye approximation, the relative intensity is represented by the following equation [9];
Is/Ib = exp [-6^ʌ2/3 (T/ĬD)2`@IRU7ĬD, (1)
In Eq. (1), Is and Ib are the integrated intensities of the sharp line and the broad band, respectively. The ĬD is the
effective Debye temperature and the S denotes the most probable number of phonons involved in the transition
(Huang Rhys factor). Experimental data points can be fitted well to Eq. (1). From the Eq. (1) the Huang Rhys factor S
is 3.0 and the Debye temperature ĬD is 712 K.
4. Discussions
The emission band at 430 nm along with the sharp lines at the higher energy tail of the broad band shown in Fig. 1 is
not due to impurity related transitions. Evidence for this includes: (1) no typical impurity related emission band
observed in as-UHFHLYHGĮ-Al2O3 other than Cr3+ emission (694.3 nm) [6], (2) temperature dependence was observed
which is not normally observed in impurity related transitions; above 100 K the vibronic structure is greatly broadened,
(3) furthermore, the band shown in Fig. 1 is not observed following ionizing irradiation (60&RȖ-ray irradiation) [2, 4].
Therefore, it can be said that the 430 nm emission band along with vibronic structure is not due to impurities, but
rather associated with atomic displacement caused by reactor neutron irradiation.
The excitation band near 360 nm along with vibronic lines at the shorter energy tail of the band shown in Fig. 2 is not
impurity related. This band also shows the temperature dependence property which is not normally observed in
impurity related transitions. This band was neither observed in as-UHFHLYHG Į-Al2O3 nor in 60&R Ȗ-ray irradiated
Į-Al2O3. Therefore, it can be strongly suggested that the excitation band near 360 nm with vibronic structure at the
shorter energy tail is entirely due to lattice displacement damage caused by reactor neutron irradiation.
The photoexcitation into one of the F+ centers (5.2 eV) yields the 325 nm emission band and vibronic emission band
near 430 nm with sharp lines at the higher energy tail at low temperature. The later band appears only at lower
temperatures%RWKWKHEDQGVDUHDOVRREVHUYHGLQ/7/LUUDGLDWHGĮ-Al2O3. LTL irradiation facility is mainly used for
simple defect creation in various materials. Therefore, the emission band near 430 nm with the vibronic structure
which appears next to the 325 nm emission band only at lower temperatures can be suggested as F+ type emission
center. Figure 5 shows the schematic model of the excitation and emission process, which is based on reference 1,
associated with F+ center. In this model, 325 and 430 nm emission bands are suggested as Type 1 and Type 2 F+ type
center, respectively. Also, both 325 and 430 nm emission band were observed under photoexcitation into the F+ type
absorption band (238 nm). The type II emission band occurs only at low temperatures with vibronic structure.
The absorption band near 360 nm was attributed to the F2
+ type aggregate center [1, 2]. Also, this band does not appear
LQ/7/LUUDGLDWHGĮ-Al2O3 which means this band may be due to aggregate center. Therefore, excitation band near 360
nm along with zero phonon line at 363.1 nm can be attributed to F2
+ type aggregate center.
Energy separations of 6ʄȦfrom the zero phonon line of excitation and emission band are not equal, which agrees
well with the theoretical explanation that the vibrational frequencies of the ground and excited states are different [5].
Huang Rhys factor S and Debye temperature have been estimated from the temperature dependence data of the 360
nm excitation band (Fig. 4). The S (= 3.0) is reasonably small, which suggest weak coupling between the electron and
lattice vibration. Debye temperature (ĬD= 712 K) is also found in good agreement with the Debye temperature of 760
K estimated by McCumber and Struge [6].
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Figure 5. Schematic model of the excitation and emission process associated with F+ center in Į-Al2O3 at low
temperature. Type I PL emission (325 nm) was observed at both room and low temperature and type II PL emission
(430 nm) was observed only at low temperatures.
Huang Rhys Factor estimated from the vibronic emission spectra of 430 nm is 3.2, which is derived by Poisson
distribution. Debye temperature from this emission band can not be estimated from the temperature dependence of the
zero phonon line due to the overlapping of the 325 nm emission band and very small zero phonon line.
As the Huang Rhys Factors (1<S<6) are intermediate, multiphonon structures are observed in both the optical
vibronic emission and excitation band shown in Fig. 1 and Fig. 2 (a), respectively.
5. Conclusions:
,Q WKLVSDSHU VLQJOHFU\VWDOVRIXQGRSHGĮ-Al2O3 have been used. The as-received crystal did not show any optical
transition other than R line. Results of the experiments are summarized below:
1) Vibronic emission band at the longer wavelength of the F+ emission center (430 nm band) has been observed in
both LTL and HET irradiated Į-Al2O3 at 10 K.
2) Vibronic excitation spectrum (360 nm band) has been observed only in HET irradiated Į-Al2O3 at 10 K.
3) Mirror symmetry of the vibronic excitation (360 nm band) and emission spectra (430 nm band) has been observed
in HET irradiated Į-Al2O3.
4) Huang Rhys factor (3.0) has been estimated reasonably using observed sharp lines.
5) Debye temperature (712 K) was estimated from the temperature dependence of the 360 nm excitation band.
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